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Spin-polarized Auger-electron diffraction study of the magnetic poisoning of Fe(001) by sulfur
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Spin-polarized angle-resolved sulfur L,3VV Auger-electron spectra have been recorded for the
¢(2X2)S/Fe(001) system. The data show the modulation of the sulfur Auger spin polarization as a function of
emission angle, which represents an observation of spin-polarized Auger-electron diffraction (SPAED), a
potentially powerful tool for the study of local magnetic structure at surfaces, interfaces, and thin films.
Theoretical modeling of the SPAED data indicates a large decrease in the magnetization of the top iron layer,
suggesting a magnetic poisoning induced by the sulfur overlayer. These findings are independently supported
by the observation of a large decrease of secondary electron spin polarization upon sulfur adsorption.

The magnetic properties of surfaces and thin films have
been a topic of continuing research interest.! The paramount
techniques in the study of near-surface properties have tradi-
tionally been the various electron spectroscopies. Conversion
of these techniques into a spin-polarized mode?® has opened
up a broad front on the problem of surface and thin-film
magnetism. As examples, spin-polarized low-energy electron
diffraction* has been shown to be sensitive to long-range
surface magnetic order, while spin-polarized Auger-electron
spectroscopy™"® is capable of probing the local magnetic
properties. This paper reports a successful attempt to detect
spin-polarized Auger-electron diffraction. The angular de-
pendence of Auger emission is recognized as an important
tool in the study of surface geometries.”** As such, it may
be anticipated that the spin dependence of this phenomenon
can be employed to probe the local magnetic order. Similar
spin-dependent scattering is also implicit in earlier spin-
polarized photoelectron-diffraction (SPPD) experiments.!!~13
The work reported here represents the direct measurement of
spin-dependent (Auger) electron diffraction, which does not
rely on an internal spin-polarized source. Combined with
theoretical modeling of the observed spin polarization this
represents a demonstration of a local near-surface magnetic
structure determination. The results suggest a large decrease
in the magnetization of the top iron layer upon sulfur adsorp-
tion, a magnetic poisoning effect, which is independently
supported by a large decrease in the spin polarization of the
secondary electrons.

The ¢(2X2)S/Fe(001) is a well characterized adsorbate
system. The surface geometry has been well established by
low-energy electron diffraction (LEED),'* the electronic
structure has been studied with angle-resolved photoemis-
sion,’ and a theoretical study of the structural, electronic,
and magnetic properties of the system!® has also been re-
ported. The magnetic properties have been studied by spin-
polarized angle-resolved photoemission'”'® and spin-
polarized Auger-electron spectroscopy.® The latter study

0163-1829/95/52(10)/6955(4)/$06.00 52

concentrated on the magnetic properties of the adsorbate. In
the present study we examine the angular dependence of
Auger-electron spin polarization which reflects the magnetic
structure around the emitter, i.e., the Fe substrate.

The Auger electrons are excited by a 2-keV-electron beam
incident at an angle of 45° with respect to the surface nor-
mal. The angle, energy, and spin of the ejected electrons have
been measured in an apparatus described in detail
elsewhere.' Briefly the electrons are detected by an electron
spectrometer backed by a compact low-energy spin detector
of the type described by Unguris et al.?° The energy resolu-
tion was of the order of 0.25 eV and the angular resolution
*1.5°. The angle-resolved experiments were performed by
keeping the sample fixed and rotating the electron analyzer
so that the Auger-electron emission angle was scanned in the
(100) plane of the crystal. The Fe(001) crystal was magne-
tized parallel to the surface and in the plane of electron emis-
sion. The sulfur ¢(2X2) structure was obtained by our seg-
regating sulfur from the bulk.

Figures 1(a) and 1(b) show spin-resolved spectra taken at
polar angles of +10° and +2.5°, respectively. It will be
noted that there is little change in the basic line shape of
these spectra. Indeed all the spectra show a broad main peak
(full width at half maximum ~4.0 eV) and a strong shoulder
at ~5 eV higher energy. This line shape is well reproduced
by the self-convolution of the calculated spin-resolved den-
sity of states on the sulfur site (see Ref. 6) and can be fitted
by a simple two-Gaussian fit. The only difference between
the spectra recorded at different angles is their relative inten-
sity. These intensity modulations have been attributed to
scattering of outgoing Auger electrons or Auger-electron dif-
fraction (AED).

Auger-electron diffraction patterns have been successfully
used in studies of both surface and interface geometries.”°
The majority of these studies have employed higher-energy
Auger electrons (=300 eV). In the case of low-energy
Auger-electron diffraction (<100 eV), it has been suggested
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FIG. 1. Spin-resolved sulfur L,;VV Auger-electron spectra
from the ¢(2 X 2)S/Fe(001) system [majority spin (A) and minority
spin (V)]. Electron emission angles are (a) #=+10°, and (b)
0=+2.5°.

that both the electron scattering and angular anisotropy in-
herent in the Auger transition play an important role.?!~2
Interference among different Auger transition channels can
in principle alone induce intensity modulations. The Auger
matrix elements for the L,;VV Auger transition have been
reported by Feibelman, McGuire, and Pandey.?* It can be
shown from their analysis that the single Auger transition
channel with an outgoing p wave has an angular matrix ele-
ment an order of magnitude greater than any other possible
transition channel. Therefore in the case of L,;VV emission,
the observed intensity modulations can be solely attributed to
electron diffraction. The modeling of such spin-integrated
AED patterns confirms the atomic structure of the
c(2X2)S/Fe(001) system established previously,'* and will
be discussed elsewhere.?

Figure  2(a) shows  the  spin  polarization
[P=(;—1,)/(I;+1})] in the angular dependence of the sul-
fur L, 5VV Auger electron intensity. The spin-resolved inten-
sities (/; and 1) were obtained by measuring the peak
heights. An identical spin polarization curve was obtained by
fitting the Auger spectra with two Gaussians (representing
the main peak and the shoulder) and using the Gaussian peak
area. It will be recognized from Fig. 1 that this polarization,
although detectable, is small (AP=~7%), and it contains a
mirror symmetry along the surface normal, as expected. We
offer it here as direct evidence of spin-polarized Auger-
electron diffraction (SPAED).

The spin dependence in the electron-atom scattering can

SINKOVIC, JOHNSON, BROOKES, CLARKE, AND SMITH 52

& 8| @

Z

s ¢ ]
< a4 ]
N ]
2 2 ]
3 Jy T I "
S 3 ]
Z -2 i 1
o _
7}

-4 _
= L (b) ]
8 a4 f ]
. r “~ -~ h
o L Y SN
E 2f N ™ ]
N L VAN 7\ ]
% 0 __ 'l‘ \ / “ 7
Q‘ 7 N B
z 2t ]
[ L ' : ]
7] L

_4 1 1. 1 1 1 L 1

-40 -30 20 -10 O 10 20 30 40
POLAR ANGLE (deg)

FIG. 2. (a) Measured spin polarization of the L,;VV Auger-
electron diffraction pattern (SPAED) for the main peak (the line is a
guide to the eye). The polar angle scan is measured in the (100)
plane. (b) Calculated sulfur L, ;VV SPAED pattern for two different
surface Fe layer magnetizations: equal to the Fe bulk magnetization
(full line) and magnetically dead (dashed line).
in princigle result from spin-orbit and/or exchange
processes.® Because the electron emission direction contains
a mirror plane of the crystal and the spin polarization is
measured within that plane, any spin dependence derived
from the spin-orbit interaction will be canceled out and
hence the SPAED data presented here will reflect the ex-
change interaction alone. Since the exchange scattering de-
pends on the relative orientation of the spin of the electron
being scattered and the magnetic moment of the scattering
atom, the SPAED pattern contains information on the short-
range magnetic order around the emitter atom. Comparison
of observed SPAED patterns with model calculations should
then allow determination of the local magnetic order at sur-
faces, interfaces, and thin films, just as AED experiments
have provided structural information on these systems.

It is interesting to note that we observed a similar shape in
the SPAED patterns of both the main sulfur Auger peak and
of the shoulder (not shown).?® The only difference between
the two patterns is in the average spin polarization, being
lower (close to zero) for the main peak. This point, discussed
in our earlier paper,S reflects the fact that the shoulder in the
sulfur Auger spectra results from hybridization with the Fe
3d orbital which will then result in an overall larger spin
polarization for this part of the spectrum. These observations
demonstrate that (i) effectively nonmagnetic atoms can be
used for SPAED, and (ii) the SPAED pattern is insensitive to
small changes in energy at ~150 eV.

It is useful to compare the SPAED experiment described
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here with spin-polarized photoelectron  diffraction
(SPPD)."~13 Both experiments probe the local magnetic or-
der around the emitter, but they differ in the way the spin
dependence is measured. The SPPD measurements have re-
lied on the multiplet splitting of shallow core levels as the
source of spin-polarized electrons. In the SPAED experi-
ments reported here, the spin of the ejected electrons is mea-
sured directly. This has the advantage that (i) by definition,
only spin-dependent scattering effects are measured, (ii) the
emission from nonmagnetic emitters can be employed, and
(iii) the experiment can be performed in the laboratory using
an e gun. On the other hand, such measurements are limited
to samples with a net macroscopic magnetization, as is the
case for any spin-polarized electron technique involving ei-
ther a spin-polarized analyzer or external spin-polarized elec-
tron source. We also note that SPAED is limited to low-
energy Auger transitions as spin-dependent scattering is
appreciable only in the low-energy region <200 eV. Finally,
the geometry of our SPAED experiments indicates that ap-
preciable spin asymmetries exist in backscattering, which are
important in spin-dependent extended x-ray-absorption fine
structure (EXAFS) measurements.?’8

We have attempted to simulate the SPAED data by per-
forming model single-scattering cluster calculations'> using
the spherical wave approximation.?>?® This method has
worked well in the analysis of photoelectron and Auger-
electron diffraction data.”'® The outgoing Auger-electron
wave was chosen to have p symmetry (as discussed earlier).
The cluster contained 150 atoms. All the structural param-
eters are taken from LEED analysis of the same system.'*
The exchange potential was evaluated from the standard
form ap(r)? but with an energy-dependent a(€) of Dirac-
Hara form®' as used previously in spin-polarized LEED
calculations.>? The results of calculations using double scat-
tering did not differ appreciably from those obtained using
single scattering.

The calculated spin asymmetries are shown in Fig. 2(b). It
was assumed that sulfur has no magnetic moment (consistent
with the experimental and theoretical findings of a very small
moment of ~0.1u5)%!® and the moment of the top Fe layer
is equal to the bulk value (full line). The comparison with the
measured spin asymmetries [Fig. 2(a)] indicates only fair
agreement. The calculations predict a maximum excursion of
about +2% at *14°, which is in qualitative agreement with
the experiment. The calculation, however, requires an addi-
tional positive maximum (+2%) along the normal, whereas
the corresponding experimental polarization shows a nega-
tive minimum. The agreement could not be improved by
changing a number of nonmagnetic parameters such as the
mean free path, the cluster size, the electron wavelength,®
and the double-scattering contributions.

The calculated asymmetries were, however, found to be
sensitive to the magnitude and direction of the magnetic mo-
ment of the top two Fe layers. We have performed a number
of model calculations assuming different short-range mag-
netic order around the emitter (sulfur) atom. The most suc-
cessful and physically reasonable of these models involves
varying the magnetic moment (magnetization) of the top
substrate (Fe) layer (M,). It was found that reduction of
M, tends to improve the agreement with the experiment,
especially in reproducing a negative spin-polarization mini-
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FIG. 3. Modeling of the decrease of secondary electron spin
polarization upon sulfur adsorption as a function of electron mean
free path (in the range of 4—6 A), and sulfur secondary electron
yield (per Fe-atom yield). The range of two assumed surface Fe
layer magnetizations are shown as shaded areas: being equal to the
Fe bulk magnetization (top area), and magnetically dead (bottom
area).

mum along the surface normal and increasing the overall size
of the polarization variation to a value closer to the experi-
ment [see Fig. 2(b); dashed line]. Using this limited SPAED
data set, however, we cannot pinpoint the size of M, al-
though the data do suggest an appreciable reduction of the
magnetic moment of the surface Fe layer in agreement with
the idea of magnetic poisoning of the surface layer as pre-
dicted by theory.!® The SPAED data, however, suggest a
much larger degree of magnetic reduction which is neverthe-
less consistent with the observation of a smaller than pre-
dicted sulfur exchange splitting.® The measurement of the
L,;VV sulfur Auger SPAED in two other channels of the
spin detector (spin polarization perpendicular to the plane of
electron emission) found only negligible spin asymmetries
(<1%) ruling out the possibility that the reduced in-plane
component of the top Fe layer magnetization is due to a
simple out-of-plane rotation of the moment. We also point
out that our SPAED measurements are sensitive to the net
layer magnetization and are not able to distinguish magneti-
cally dead from antiferromagnetic order.

The finding of magnetic poisoning in ¢(2X2)S/Fe(001)
deduced from SPAED data is independently supported by the
observation of a large change in the spin polarization of the
secondary electrons. A decrease in the spin polarization of
the secondary electrons is expected to occur due to the addi-
tion of an effectively nonmagnetic sulfur layer, but the level
of reduction cannot be explained solely on these grounds.>*
We find the spin polarization of the secondary electrons at
160 eV (just above the L, ;VV sulfur Auger peak), to change
from P,=18% for clean Fe(001) to P=13% for
c(2X2)S/Fe(001). Simple modeling (see Fig. 3) of the
change of the secondary electron spin polarization shows it is
not possible to explain the observed 28% decrease
(P/Py=0.72) for a range of reasonable electron mean free
paths (4—6 A) and including the contribution of the sulfur
overlayer to the secondary electron yield (sulfur/iron ~1.0;
per atom). However, this observation is consistent with a
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decrease in polarization of the top iron layer. As shown in
Fig. 3 reasonable agreement is achieved assuming a large

reduction in magnetization of the top iron layer which is in -

agreement with the SPAED data.>® However, we point out
that because of large uncertainties in the modeling of second-
ary electron emission and in principle the much larger
SPAED data set, SPAED is a more sensitive and quantitative
tool for the study of local magnetic order near surfaces.

In summary our results represent a clear demonstration of
how the measurement of the angular dependence of the spin
polarization of Auger electrons (or photoelectrons) may be
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used to study the local, element specific, surface, and near
surface short-range magnetic structure. Further refinements
of both the experimental methods and the theoretical model
are expected to lead to new insights into the magnetic struc-
ture of complex surfaces, overlayers, and interfaces.
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